Dynamics of clathrin and adaptor proteins during endocytosis ascribed to epsin is that of inducing membrane curvature in lipid bilayers and, therefore, driving the curvature of clathrin coats in vitro (12) . These findings have suggested that epsin may play a crucial role in the invagination process, resulting in classification of epsin as an adaptor and an accessory protein (43) .
The efforts to categorize proteins into distinct functional classes have resulted in a number of unresolved, and apparently contradictory, observations. One such issue is whether epsin represents a peripheral endocytic factor or remains associated with nascent vesicles subsequent to fission from the plasma membrane. Some biochemical data and several review articles have suggested that epsin has a role only before internalization of CCVs (7, 28, 29) . However, a more recent study employing tandem mass spectroscopy and immunoblotting has provided evidence that epsin is specifically retained within a CCV fraction (6) . The seemingly contradictory results produced from similar techniques call for the application of an alternate methodology for evaluation of this issue. Furthermore, although AP-2 is the adaptor most frequently associated with endocytosis, AP-2 is not found in the clathrin spots that are internalizing from the membrane surface (30, 33) .
One key to resolving these potential discrepancies comes from the observation that clathrin exists as a heterogeneous population at the cell surface. Observations of clathrin dynamics over the course of 1 min indicate the existence of three distinct populations in association with the plasma membrane: static CCPs (80%), disappearing CCVs (15%), and laterally mobile spots (5%) (31, 34) . Biochemical observations, by their nature, average all the interactions in the cell. However, with imaging, it is possible to discriminate the activity of a multitude of subpopulations, even minority populations, and the dynamics of their behavior.
One imaging modality that is particularly appropriate for studying endocytosis is total internal reflection fluorescence microscopy (TIR-FM), which selectively illuminates only fluorophores at the cell surface (1) . Application of live-cell dual-color TIR-FM to the study of endocytosis has provided some data that match the expected results: cargo such as transferrin (Tf) and transferrin receptor (TfR) disappear along with clathrin (26, 30) , and dynamin-1 rapidly increases in intensity immediately before the disappearance of clathrin (25, 33, 39) . Other findings were unexpected, such as the report that disappearing clathrin spots (CCVs) are generally devoid of the AP-2 complex relative to static spots (CCPs) (33) . These results suggest a new model for CCP/CCV formation, in which the AP-2 complex is excluded from forming CCVs and may form platforms for cargo selection from which vesicles may form. They also raise many issues, such as the origin of the AP-2-negative and clathrin-positive disappearing spots and also the putative adaptor for clathrin in these internalizing structures.
The present analysis addresses these issues. To specifically evaluate whether the endocytic clathrin puncta originate from sites in which clathrin and AP-2 colocalize or whether they are completely independent, we followed the dynamics of clathrin for long (5-to 30-min) periods, instead of ϳ1 min, as in our previous studies. In this way, we were able to demonstrate that AP-2 can disengage from sites of endocytosis seconds before internalization of the nascent CCV. Finally, the observation that epsin remains colocalized with clathrin during the entire period of internalization suggests that another level of heterogeneity exists: not all endocytic adaptors have similar dynamics during endocytosis. These results demonstrate some advantages of studying single events, particularly when a heterogeneous population is examined.
To further evaluate the static population of clathrin, we observed cells continuously for longer time periods in this study than in previous studies and documented that 22% of clathrin spots remain in place for Ն30 min. Finally, we evaluated whether static clathrin puncta that remain on the cell surface for extended periods of time are functional in terms of subunit exchange with cytosolic clathrin. Active subunit exchange has been shown to be necessary in the transition from CCPs to CCVs, and in the event that endocytosis is blocked by potassium depletion or hypertonic sucrose, clathrin exchange is inhibited (24, 44, 45) . Analysis of static clathrin spots by fluorescence recovery after photobleaching (FRAP) demonstrated that clathrin exchange occurs in this population and suggested that static clathrin spots might play an active role in the process of endocytosis, potentially as sorting centers from which cargo-laden nascent CCVs can bud.
MATERIALS AND METHODS
Plasmid constructs and cell culture. The preparation and use of all constructs have been previously described. HeLa cells were maintained in DMEM with 10% FBS in a 37°C incubator humidified with 5% CO 2 and imaged ϳ48 h after transfection with FuGene6 (Roche Diagnostics, Indianapolis, IN) for TIR-FM or a calcium phosphate kit (Invitrogen, Carlsbad, CA) for immunocytochemistry studies.
TIR-FM image acquisition. TIR-FM was performed at 37°C, as previously described (30 -34, 38) , using the Apo ϫ60 1.45 NA microscope objective (Olympus America, Melville, NY). Previous studies indicate that excitation decreases to 1/e in Ͻ100 nm with this TIR-FM configuration (22) . DsRed-labeled clathrin (clathrin-DsRed) and enhanced green fluorescent protein (EGFP)-labeled ␣-adaptin (or epsin-EGFP) were excited with the 488-nm line of a tunable argon laser (Omnichrome, model 543-AP A01, Melles Griot, Carlsbad, CA) reflected off a 498-nm dichroic mirror. All mirrors and filters were obtained from Chroma Technologies (Brattleboro, VT). Green and red emissions were collected simultaneously using a dual-view splitter (Optical Insights, Santa Fe, NM) equipped with a 515/30-nm bandpass filter to collect green emission, a 550-nm dichroic mirror to split the emission, and a 580-nm long-pass filter to collect red emission. Clathrin-DsRed imaging was performed with the 514-nm line of the same tunable argon laser reflected off a polychroic mirror (442/514 pc), and emitted light was collected through a 580-nm long-pass filter.
All time-lapse studies were carried out with exposure times of 100 ms per frame and total illumination limited to 30 or 60 s. Images were obtained every 500 ms for 5 min (clathrin-DsRed and EGFP-␣-adaptin), every 1 s for 10 min (clathrin-DsRed), or every 6 s for 30 min (clathrin-DsRed). For continuous-illumination studies (clathrinDsRed and epsin-EGFP), streams of 100 -300 frames were acquired at 100 -300 ms per frame for a total acquisition time of ϳ30 s.
Dual-color processing. For simultaneous dual-channel imaging, after subtraction of extracellular background, 12-bit dual-color TIR-FM image streams were aligned using a journal written for MetaMorph (Universal Imaging, Downingtown, PA) (30) . On the basis of preliminary single-fluorophore control experiments, green-tored bleed-through corrections of 10% for EGFP-␣-adaptin (or epsin-EGFP) and clathrin-DsRed were employed (30); after alignment, 10% of the EGFP signal was subtracted from the DsRed images.
FRAP studies. Static EGFP-clathrin spots were identified by analysis of 10-min time lapses of 50-ms exposures collected every 2 s. A circular (ϳ15-m-diameter) region was bleached for 60 s by closing an iris in front of the TIR-FM laser. Immediately after photobleaching, a second time lapse was acquired for 10 min with 100-ms exposures collected every 15 s. During image analysis, static spots were identified from within the bleached region from the prebleach time lapse, and a total of 89 static spots from 3 cells were evaluated for fluorescence recovery after photobleaching. The time taken for each of the 89 spots to reach one-half of maximum fluorescence intensity (t 1 ⁄2) during the 10-min recovery period was calculated and averaged.
Analysis of time-lapse data sets. For the analysis of clathrin-DsRed at the sites of EGFP-␣-adaptin disappearance, a total of 89 spots from 4 time-lapse data sets (100 ms acquired every 500 ms for 5 min) were evaluated. The location and time of EGFP-␣-adaptin disappearance were identified, and the corresponding region in the clathrin-DsRed channel was evaluated. Spots were identified as disappearing if the fluorescence dropped to background (and did not change for multiple frames) and as mobile if they moved laterally for more than one spot diameter over the course of a few frames. Mobile spots, spots that moved laterally and subsequently fused with another spot, and spots that remained at the end of the time-lapse data set were categorized as "did not disappear." The result of the analysis of each of the 89 identified spots was evaluated with a histogram.
To determine the proportion of static clathrin-DsRed spots remaining 10, 20, and 30 min after the start of imaging (100 ms acquired every 6 s for 30 min), 200 spots per time lapse (5 time lapses total) were circled in the first frame with a region-marking tool in MetaMorph. Clathrin spots were identified as static if they did not move laterally relative to any general cell drift or if they did not move into the cell during the entire length of the acquired time lapse. Each selected spot was tracked throughout the time lapse to account for local motion (of spots and cells); the entire data set (300 frames, 30 min) was subdivided into three 10-min subsets that were each analyzed sequentially. Thus the 200 spots identified at time 0 were tracked for 10 min, and each of the remaining spots was identified in the next set (10 -20 min) by transfer of each of the remaining regions. The same procedure was followed at 20 min. The total number of spots that remained at each time point was averaged and plotted as a mean percentage.
Immunocytochemistry studies. Immunocytochemistry was used to study epsin-EGFP-transfected cells, as previously described (2, 33) . Primary antibodies included mouse monoclonal anti-human TfR (CD71) from Sigma and rabbit polyclonal anti-␣-adaptin (M300), goat polyclonal anti-CALM (C-18), and anti-Eps-15 (K-15) from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-clathrin was derived from the CON.1 hybridoma (American Type Culture Collection, Manassas, VA), and anti-Eps-15 (3T) was a gift from Dr. Pier Di Fiore (European Institute of Oncology, Milan, Italy). Alexa Fluor 594-labeled goat anti-mouse, goat anti-rabbit, and donkey anti-goat immunoglobulins were purchased from Molecular Probes (Invitrogen). Samples were viewed under an epifluorescence microscope (Leica) with a cooled charge-coupled device camera (Micromax, Princeton Instruments). Images were acquired using MetaMorph and processed with MetaMorph, NIH Image (http://rsb.info.nih.gov/nihimage/), and Photoshop (Adobe Systems, San Jose, CA).
Tf uptake. At 48 h after transfection, cells transfected with EGFP, epsin-EGFP, or AP180c-EGFP in six-well plates (2 wells per construct) were rinsed with warm PBS and placed in warm serum-free medium for 30 min in a 37°C incubator to chase out cell surfacebound Tf. The cells were incubated for 30 min in a 37°C incubator in Alexa Fluor 633-labeled Tf (Molecular Probes) diluted 1:100 in serum-free medium from a 5 mg/ml stock (50 g/ml final concentration), rinsed in PBS, and placed in DMEM with 10% FBS for 5 min at 37°C. Finally, the cells were rinsed in PBS, detached by incubation for 5 min in a 37°C incubator in 1 ml of Cell Stripper (Mediatech Cellgro), and resuspended by addition of 3 ml of PBS per two wells. The cells were immediately fixed for 5 min in 4% paraformaldehyde prepared by addition of 1 ml of 16% paraformaldehyde (Electron Microscopy Sciences, Fort Washington, PA) to each 3-ml cell suspension. Fixed cells were pelleted and rinsed in 10 ml of PBS and pelleted again and resuspended in 0.25 ml of PBS and taken to the Rockefeller University Flow Cytometry Resource Center. EGFP and Alexa 633 emissions were collected simultaneously in a flow cytometer (FACSort, BD Biosciences, San Jose, CA) after gating with vector-transfected (pcDNA 3.1-) or single-color controls (Alexa Fluor 633-labeled Tf, EGFP, or AP180c-EGFP). In each experiment, 20,000 cells were analyzed per sample.
Calculation of fluorescence in static clathrin/epsin spots. A total of 35 static spots were identified from 3 cells. Clathrin spots were identified as static if they did not move laterally or if they did not move into the cell during the acquired image stream. The fluorescence in static clathrin/epsin spots was calculated as described previously for clathrin/AP-2 spots (30).
RESULTS

Evaluation of clathrin and AP-2 by time-lapse imaging.
EGFP-tagged ␣-adaptin has previously been shown to be useful as a marker for AP-2: localization of the EGFP-tagged protein is indistinguishable from endogenous AP-2, and expression does not inhibit clathrin-mediated endocytosis (30, 32, 33, 45) . In clathrin spots that remained static on the cell surface for a 30-s imaging period, the fluorescence intensity of EGFP-␣-adaptin is similar to that of clathrin-DsRed. However, in the spots that disappeared at some point during the subsequent 30 s, the AP-2 fluorescence was over fivefold lower than in static spots (30, 33) .
To assess whether there is a relation between the static spots that contained AP-2 and clathrin and the spots undergoing endocytosis that contained only clathrin, we imaged clathrin and AP-2 over longer periods of time. From 100-ms exposures every 500 ms for 5 min, we were able to image cells in rapid succession, so that individual events of internalization could be tracked reliably, while the total amount of time the cells could be evaluated without significant photobleaching was maximized.
Some of the observations of AP-2 over a 5-min period were indistinguishable from those over the shorter time periods. For example, AP-2 was not apparent in laterally mobile clathrin spots (data not shown). However, within 5 min, a number of EGFP-␣-adaptin spots disappeared (Fig. 1 , see supplemental Video 1 in the online version of this article). We then proceeded to investigate the behaviors associated with clathrin at these disappearing AP-2 spots.
Sites from which AP-2 fluorescence disappeared were identified, and clathrin-DsRed was present at every spot (89 disappearing AP-2 spots from 4 separate time-lapse sets; Fig. 1 , see supplemental Video 1). In 66% (59 of 89) of the cases in which AP-2 fluorescence decreased to background, clathrin fluorescence was subsequently observed to decrease to background before the end of the 5-min acquisition period. Examples of individual spots are shown in Fig. 1 , in which AP-2 ( Fig. 1A) and clathrin-DsRed (Fig. 1B) are quantitatively contrasted (Fig. 1C) . Clathrin disappeared, on average, 26.2 Ϯ 4.7 s later than AP-2, and a histogram of the delay in the decrease to background between AP-2 and clathrin is shown in Fig. 1D . In the remaining ϳ34% (30 of 89) of the events where AP-2 fluorescence decreased to background, clathrin remained in place, moved laterally, or fused with another clathrin spot but did not disappear. Thus the disappearance of AP-2 and clathrin from the cell surface is not tightly coupled in time (Fig.  1D) . The largest single group in Fig. 1D reflects clathrin spots that did not disappear. Therefore, although the fluorescence of AP-2 and clathrin disappeared at the same location, the ␣-adaptin signal reached background much earlier than the clathrin signal.
We tested whether AP-2 fluorescence was disappearing sooner than clathrin fluorescence because of differences in the photochemical properties between EGFP and DsRed. Analyses identical to those described above were performed on cells coexpressing EGFP-clathrin and clathrin-DsRed, 5-min time lapses were imaged. The rates at which EGFP-clathrin and clathrin-DsRed spots disappeared were indistinguishable (23 spots from 3 cells, P ϭ 0.42). The difference between the times of disappearance was 1.1 Ϯ 1.3 s (with clathrin-DsRed disappearing before EGFP-clathrin), in contrast to 26.2 s between the disappearance of AP-2 and clathrin. This is consistent with the observation that other elements of endocytosis machinery attached to EGFP, e.g., dynamin-1 and dynamin-2 (33), and then disappeared from the cell surface with kinetics similar to those of clathrin-DsRed. Thus differences in photobleaching cannot account for the temporal disparity in the disappearance of AP-2 and clathrin.
If the fluorescence of AP-2 before disappearance were significantly closer to background than that of clathrin, it is possible that the apparent disassembly of AP-2 complexes before internalization of nascent CCVs could simply be a result of an inability to detect very low signal relative to background. Thus we compared fluorescence at the first frame for EGFP-␣-adaptin spots that will later disappear with that for EGFPclathrin spots in other cells (n ϭ 23 spots from 3 cells per group). At the sites of internalization, the EGFP-␣-adaptin fluorescence was 0.58 Ϯ 0.05, whereas the EGFP-clathrin fluorescence was 0.71 Ϯ 0.10 (P ϭ 0.25). Thus, although EGFP-clathrin did tend to be somewhat brighter relative to local background than EGFP-␣-adaptin, the difference was not statistically significant and most likely would not account for the large difference in time of disappearance between clathrin and AP-2.
Epsin as a clathrin adaptor in forming CCVs. We next examined epsin, another molecule implicated as an adaptor, to test whether it, similar to AP-2, would dissociate before clathrin. To observe epsin simultaneously with clathrin during endocytosis, we used EGFP linked to the carboxy terminus of rat epsin 1 (epsin-EGFP) (42) . Although this epsin-EGFP construct has previously been employed in live-cell TIR-FM imaging studies (42), we chose to confirm the utility of epsin-EGFP as a marker for plasma membrane-associated CCPs and CCVs. Epsin-EGFP colocalized with endogenous clathrin and cell surface TfR (Fig. 2) . Quantification of these experiments determined that 97.2% (1,377 of 1,416 from 7 cells) of epsin-EGFP spots colocalized with clathrin, and 94% (1,387 of 1,475 from 7 cells) colocalized with TfR. These results suggest that epsin-EGFP localizes to CCPs and that expression of epsin-EGFP does not prevent the accumulation of endocytic cargo (TfR) at the sites of internalization, as observed when CCP/ CCV formation is inhibited (5, 21) . Further evidence in support of the proper localization of epsin-EGFP includes the observation that it colocalizes with other endogenous markers for CCPs, such as AP-2, CALM, and Eps-15 (see supplemental Fig. 1) .
The effect of expression of epsin-EGFP was also checked with Tf uptake assayed by epifluorescence imaging. The results demonstrated that although expression of the dominant-negative AP180c-EGFP (12, 13) reduced Tf uptake, expression of epsin-EGFP did not (data not shown). There was no detectable effect on the internalization of Tf in cells expressing epsin-EGFP on the basis of an analysis of Ͼ120 cells in each group (epsin-EGFP and AP180c-EGFP). However, there was considerable cell-to-cell variance in the amount of internalized Tf in these images. Therefore, the Tf uptake was quantified by flow cytometry, which verified that there was no deficiency in Tf internalization in cells expressing this epsin-EGFP (see supplemental Fig. 2 ). In contrast, expression of the dominantnegative control construct AP180c-EGFP (12, 13) clearly reduced Tf uptake into transfected cells evaluated in parallel (see supplemental Fig. 2) .
Epsin-EGFP localized to CCPs when TIR-FM was used to image fluorescence at the cell surface (Fig. 3) ; 100% (400 of 400 from 4 data sets) of epsin-EGFP spots colocalized with clathrin-DsRed, and 96.8% (387 of 400 from 4 data sets) of clathrin-DsRed spots colocalized with epsin-EGFP. In previous studies, we found that in static spots the fluorescence of clathrin-DsRed was equal to that of EGFP-␣-adaptin (30, 33) . In contrast, there was considerably greater background fluorescence in the epsin-EGFP images (Fig. 3B) . As a result, the epsin-EGFP was 0.18 Ϯ 0.02 above background, whereas clathrin was 1.07 Ϯ 0.27 above background (35 static spots from 3 cells, P ϭ 0.0018). The high background of the epsin limited the types of experimental evaluations and quantitative studies that can be performed with epsin-EGFP.
When cells expressing clathrin-DsRed and epsin-EGFP were assayed for colocalization in disappearing spots, 65.7% (46 of 70 from 6 image stacks) of clathrin spots that subsequently internalized into the cell colocalized with epsin-EGFP in the first frame. In contrast, only 3.3% (2 of 60 from 4 image ajpcell.physiology.org stacks) of laterally mobile clathrin-DsRed spots colocalized with epsin-EGFP. Furthermore, when individual disappearing clathrin/epsin spots were evaluated over time, the clathrinDsRed and epsin-EGFP disappeared from the cell surface at the same location, time, and rate (see supplemental Video 2). The results were indistinguishable, whether the data were analyzed by direct fluorescence quantification (Fig. 3) or by line-scan analysis (Fig. 4) . This is in contrast to the observation that the AP-2 complex is largely absent from disappearing spots relative to the static population (30, 33) .
Characterization of static clathrin spots over time. Over short (e.g., 1-min) periods, fluorescent-tagged clathrin has been observed to exist in active and static populations at the cell surface (14, 25, 30, 32, 33, 46) . Indeed, we previously saw that only ϳ15% of clathrin puncta internalize over a 1-min period (31) . To determine whether static clathrin spots represent sites of future endocytosis or an independent population that may never internalize, we analyzed the dynamics of clathrin over longer time periods. Cells expressing clathrin-DsRed were imaged for 10 min, with 100-ms exposures acquired every 1 s, producing a time-lapse series of 600 frames. When images from the same region were analyzed every 2 min, some static spots persisted for the entire 10-min time period; within the region shown in Fig. 5 , ϳ33% (9 of 27) of the spots remained after 10 min.
To further elucidate static clathrin spots, the behavior of clathrin at the surface was quantified over a 30-min period (100 ms acquired every 6 s). Because of the longer imaging time in these studies, it was essential to track each individual spot of interest to avoid miscategorization due to local spot motion or overall motion of the cell. In these studies, 200 spots per time lapse from a total of 5 separate data sets were tracked (a total of 1,000 spots). A majority (about two-thirds) of the spots were lost from the static population during the initial 10 min, i.e., disappeared, moved laterally in the plane of the membrane, or fused with another spot (Fig. 6A , see supplemental Video 3), whereas 22% remained static for the entire 30 min. For the spots that were present on the surface at time 0, the highest rate of decrease occurred during the initial 10 min. The rate of internalization of these initial spots slowed considerably during each subsequent 10-min period. The absolute number of static spots remaining at each time point varied from region to region. However, the general trend was consistent: there was a rapid loss of a majority of spots during the first 10-min period, and the remaining spots were static during each subsequent 10-min period.
The quantitative analysis was repeated with a focus on events within the first 10-min time period. Fifty spots per region (250 spots total) that were known to become active between 0 and 10 min were randomly selected and tracked. The results of this analysis are presented in Fig. 6B . Although spots became active throughout the entire 10 min, the majority of these events occurred at the beginning of the time interval, 70% during the first 4 min. These results (Figs. 5 and 6) indicate that a population of static spots remain at the cell surface for long (Ն30-min) periods and that those spots destined to become active will do so relatively rapidly.
These results could be explained by two different hypotheses. 1) The clathrin spots fall into two groups: one with a 70% probability of internalizing within 4 min and another that internalizes at a significantly slower rate, if at all. 2) During the imaging period, the net rate of endocytosis may be slowing. To distinguish between these hypotheses, 200 new spots were identified at the 10-min time point for one of the regions presented in Fig. 6 (region 5) . Inasmuch as the percentage of spots remaining at the end of the 10-to 20-min imaging interval was similar to that between 0 and 10 min for this same region (both ϳ50%), the total rate of endocytosis is not slowing during the period of imaging.
We tested whether clathrin in the static spots exchanges with cytosolic subunits. This exchange is lost on gross inhibition of endocytosis by manipulations such as potassium depletion and hypertonic sucrose treatment (23, 44, 45) . When the static population of clathrin spots was subjected to FRAP, 89 static clathrin spots were identified in 10-min time-lapse data sets. Subsequent to photobleaching, recovery was tracked over a second 10-min time lapse (Fig. 7) . The static photobleached clathrin spots recovered with a t 1 ⁄2 of 163.8 Ϯ 10.3 s.
DISCUSSION
Clathrin-mediated endocytosis requires the coordination of a number of proteins to control cargo clustering and sorting, clathrin coat formation, induction and maintenance of membrane curvature, and fission of the nascent vesicle (8, 35, 36) . In addition to cargo and clathrin, this process involves clathrinassociated cargo adaptors and accessory proteins, as well as specific phospholipids and cytoskeletal elements (9, 11, 41) .
Our previous studies evaluated the behaviors associated with many examples from these categories, including clathrin, Tf, dynamin-1 and dynamin-2, and markers for the AP-2 complex (␣-and ␤ 2 -adaptin) (30, (32) (33) (34) . These investigations provided information that requires an elaboration on most current models (32) . For example, clathrin at the cell surface is not a homogenous population but, rather, exists as spots; some of these spots are static, some move laterally parallel to the membrane, and some move into the cell, perpendicular to the surface (18, 26, 30, 32, 33, 46) . The adaptor complex AP-2 is present in the static spots (CCPs) but is excluded from spots undergoing internalization (CCVs) (30, 33) . This present work contrasts these observations with those of another clathrin adaptor, epsin, and expands these studies by addressing the relations between these different populations of clathrin puncta.
Evaluation of clathrin and AP-2 by time-lapse imaging. Clathrin and AP-2 colocalize within the majority of spots at the cell surface, and the fluorescence intensity of clathrin-DsRed and EGFP-␣-adaptin within static spots is equal (30, 33) . Yet, in clathrin-coated structures that will internalize over the subsequent 30 s, the fluorescence of AP-2 is usually indistinguishable from background. These observations could be explained by at least three hypotheses: 1) CCVs can be produced and internalize with no contribution from AP-2; 2) AP-2-negative CCVs can iteratively bud from AP-2-positive clathrin spots (CCPs), potentially sites of cargo sorting; and 3) AP-2 is released from the nascent vesicle before internalization. Evidence in support of hypothesis 1 includes the observation that endocytosis of certain ligands persists after silencing of ␣-adaptin expression. This is consistent with certain CCVs forming in the absence of AP-2 (16, 27) . Hypothesis 2 suggests an iterative budding of nascent CCVs from static sites, which is consistent with our observations and those of others (26, 46) . Furthermore, we previously observed the separation and subsequent disappearance of clathrin spots from static spots containing clathrin and AP-2 (30) . Hypothesis 3, that AP-2 can leave endocytic coats while leaving clathrin behind, is supported by the present (Fig. 1) , as well as earlier (15, 30) , observations. Thus there is heterogeneity in the population of clathrin at the surface (in terms of static or mobile status) and heterogeneity in the behaviors with which AP-2 and clathrin separate from one another. Studies of single events are powerful tools for understanding a molecular mechanism, and our observations draw attention to the importance of studying many events and archiving the diversity of behaviors. Fig. 7 . Fluorescence recovery after photobleaching (FRAP) analysis of 89 static clathrin spots. Static spots were identified from dynamics of clathrin puncta during the first 10 min of image acquisition (prebleach). After 1 min of exposure to bleach, fluorescence recovery was measured for 10 min in the corresponding encircled regions, averaged, and plotted.
It is possible that AP-2 fluorescence disappeared before clathrin fluorescence because adaptor proteins segregated to the pole of nascent CCVs farthest from the membrane before membrane fission. This possibility, which we raised previously (33), has not been disproved. However, because our penetration depth is greater than the diameter of a CCV (22) , this is probably not the case. Furthermore, inasmuch as epsin and clathrin disappeared simultaneously (Figs. 3 and 4) , this could not be true for all clathrin adaptors.
During our analysis of clathrin and AP-2 time-lapse data, we occasionally observed an apparent partial dimming of clathrin during the disappearance of AP-2 (data not shown). The iterative vertical disappearance of portions of clathrin spots (without prior lateral motion away from the residual static puncta) is not a behavior that we previously characterized, and it is difficult to distinguish between this possibility and the potential effects of photobleaching, particularly when only 100 ms are imaged every 500 ms. Thus, although it is possible that multiple nascent CCVs can internalize without any lateral movement, we have avoided overinterpretation of this apparent finding. However, we cannot exclude the possibility that, in some cases, AP-2 and a portion of a spot's total clathrin complement can disappear together before internalization of the residual clathrin. If this does occur, it could represent any one of several events: 1) disengagement of all AP-2 and some clathrin before coated vesicle internalization, 2) retraction of AP-2 and/or clathrin from the membrane before fission, or 3) AP-2-positive CCV (an unlikely, but nonetheless possible, occurrence).
Evaluation of epsin-EGFP during clathrin-mediated endocytosis. Our preliminary observations demonstrate that epsin-EGFP is a useful probe for continuous imaging of clathrinmediated endocytosis by TIR-FM. It localizes to CCPs marked by endogenous endocytic proteins, and expression does not impede the process of clathrin-mediated endocytosis (Fig. 2 , see supplemental Figs. 1 and 2 ). When clathrin-DsRed and epsin-EGFP are imaged simultaneously, epsin is found in nearly all (96.8%) clathrin spots but is not detectable in the small population of the laterally mobile clathrin spots that have been previously shown to move along the microtubule cytoskeleton (34) and are devoid of AP-2 (33) .
Previous biochemical analyses have been unable to unambiguously assign epsin a place within or without the nascent CCV (6, 7, 28, 29) . The majority (65.7%) of the clathrin spots that disappeared from the surface contain epsin, which disappeared at the same site, time, and rate as clathrin (Figs. 3 and  4 , see supplemental Video 2), whereas in the remaining ϳ33% of disappearing clathrin-DsRed spots, epsin-EGFP was not detected above background. This observation provides strong evidence for the presence of epsin in these CCVs. Although the simultaneous disappearance of epsin-EGFP and clathrinDsRed does not prove that epsin is retained as part of the nascent CCV, because the penetration depth is greater than the diameter of a CCV (22), we would most likely have observed whether epsin was lost before fission or internalization. Thus the observation that epsin remains with clathrin differs from the observation that AP-2 was absent from the laterally mobile and disappearing populations of clathrin (30, 33) . This raises the possibility that epsin may replace AP-2 as the clathrin adaptor in formation of CCVs, although there may be other potential functional roles for epsin during endocytosis.
Characterization of static clathrin spots over time. In our previous analyses, during Ͻ1-min image streams, the majority of clathrin spots on the cell surface were static: they neither disappeared nor moved laterally in the plane of the plasma membrane (33) . We tested for a relation between the static and dynamic populations of clathrin spots by imaging for longer periods of time. The results demonstrate that even the clathrin spots that were static for the 30-s observation period are a heterogeneous population. A minority (22%) remained static throughout a 30-min period (Fig. 6) . The majority of the remaining spots disappeared within the first 4 min. The observation that a proportion of clathrin at the cell surface remains static for very long periods could be consistent with the hypothesis that there is an "aging process" for clathrin, in which newly synthesized clathrin is more efficacious in endocytosis (10, 17) . This has been posited to be the result of alterations in the regulation by heat shock cognate-70 or older clathrin becoming trapped in nonfunctional coated pits.
These longer-term static puncta retain some of the phenotype of "active" clathrin. When they are photobleached, they are observed to recover with t 1 ⁄2 of 163.8 Ϯ 10.3 s. The ability to exchange with cytosolic clathrin differs from the complete block of subunit exchange observed when clathrin-mediated endocytosis is blocked by hypertonic sucrose or potassium depletion. Thus even the "static" clathrin may be contributing in a yet-to-be-defined manner to clathrin-mediated endocytosis.
